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Abstract 
The demand for clean, renewable energy grows constantly as time progresses and 
harvesting solar energy has been identified as one of the key pieces in solving this puzzle.  
Through ambipolar diffusion and high absorption characteristics, perovskite based solar cells 
have seen a large jump in device efficiency over a short amount of time.  Perovskite cells are 
also appealing due to their low cost and ease of manufacturing, with the potential of competing 
with silicon based solar cells in the future.  However, stability issues due to environmental 
factors, such as reactivity to atmospheric moisture, have plagued perovskites.  These issues often 
lead to the deterioration of the material and a corresponding loss of efficiency in the devices.  To 
remedy this, the introduction of various ions into the perovskite crystal structure has been 
proposed.  In order to determine how these substitutions affect films in controlled atmospheric 
conditions, in situ testing and a spectrum of material characterization measurements were 
completed.  Namely, by altering the relative humidity in a sealed test chamber housing 
perovskite samples and subjecting the films to these controlled conditions over extended periods, 
degradation was observed.  The effects of the addition of formamidinium (FA) and bromine ions 
into the perovskite crystal structure was tested through the fabrication of MA0.7FA0.3PbI3 and 
MA0.7FA0.3Pb(I0.9Br0.1)3 films and comparing them to MAPbI3 perovskite films.  Characterizing 
the films yielded insight into the degradation pathway and kinetics.  Overall, the addition of FA 
ions appeared to have adverse effects on the stability of the films while the addition of bromine 
ions appeared to increase the stability of the films from a humidity exposure standpoint.  This 
was concluded as half-lives for the MAPbI3, MA0.7FA0.3PbI3, and MA0.7FA0.3Pb(I0.9Br0.1)3 films 
under 85% relative humidity were 31 hours, 9 hours, and 15 hours respectively.  Using this data 
and experimentation method, a balance of device efficiency and film stability can be reached in 
order to find the best perovskite for general application.  
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Introduction 
The demand for clean, renewable energy grows constantly as time progresses.  As fossil 
fuels continue to be depleted, creating the alternative forms of energy has become paramount to 
offset the effects climate change and decrease of dependence on carbon dioxide emitting fuels.  
Harvesting solar energy has been identified as one of the key pieces to this puzzle.  Recently, 
silicon based solar cells are becoming more affordable due to reduced manufacturing costs, 
allowing a broad spectrum of consumers from residential to commercial to purchase them.  
However, the price of these cells can only drop so far as essential energy intensive 
manufacturing processes and material cost cannot be avoided.  In this way, new materials and 
manufacturing processes are necessary to continue the advancement of solar cell research. 
Although silicon based, dye sensitized, and organic solar cells have been studied for over 
a decade, the research field of perovskite based solar cells has expanded rapidly (Hodes, 2013).  
The perovskite crystal structure was originally discovered in the 19th century, but it has only 
recently been used in solar cell devices. (Wang et al., 2016)  The first paper detailing the use of 
perovskite materials in solar cell devices was published in 2009, even though the material dates 
back to a study completed by Weber (1978). (Jacobsson et al., 2016)  With early power 
conversion efficiencies (PCEs) of 3.81%, perovskite solar cells have come a long way to their 
current 22.1% PCEs in a relatively short time. (Ali, et al., 2016)  This spike in efficiency, along 
with their low cost and easy manufacturing processes, has made perovskite solar cells very 
popular among researchers today.  A variety of manufacturing processes, such as sequential 
deposition, spin coating, and vacuum evaporation techniques have all yielded high efficiency 
perovskite devices. (Wang et al., 2016)   
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Perovskites act as a dye material in solar cells and are used to absorb sunlight.  However, 
the absorption coefficient of perovskite films is estimated to be around 10 times higher than 
N719 dye, which is commonly used in dye sensitized solar cells (Ke et al., 2014) In a charge 
transport sense, perovskites are special in that they are capable of ambipolar diffusion, meaning 
that they can transport both electrons and holes when exposed to sunlight.  The photons from 
sunlight penetrate the perovskite material and excite electrons within the solar cell.  These 
excited electrons then jump the band gap between the valance and conduction bands within the 
perovskite, leaving a positively charged hole in the valence band.  With other conductive 
materials surrounding the perovskite in the solar cell, these electrons and holes are transported 
out of the perovskite can collected separately so current and electricity can be generated 
(Gonzalez-Pedro et al., 2014).   
Perovskites, named for their crystal structure, consist of an organic or inorganic cation, 
A, a metal cation, B, and a halide anion, X, in the form ABX3 when used in solar cell 
applications (Ali, et al., 2016) This basic structure can be seen in Figure 1.  Generally, 
perovskites used in solar cells consist of methylammonium (MA), lead, and iodine as 
CH3NH3PbI3 or otherwise written as MAPbI3.  However, substitutions such as tin for the lead, 
formamidinium (FA) for the methylammonium, and chlorine or bromine for the iodine have all 
been explored as mixed halide and lead-free solar cell options. (Wang et al., 2016)  With the 
intent of producing more stable and efficient films, detailed characterization techniques are often 
employed to fully understand the nature of the perovskites and their potential applications.  This 
characterization generally includes structural, compositional, and electronic measurements.   
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Figure 1:  Perovskite Crystal Structure (Wang et al., 2016) 
 
 Perovskites have paved the way for efficient solar cell devices, but they are not without 
their short comings.  Stability issues due to environmental factors have plagued perovskites and 
often lead to the deterioration of the perovskite layer, a loss of efficiency in the devices, and the 
potential for environmental exposure.  Moisture in the atmosphere and exposure to high 
temperatures have been shown, through many studies, to inversely affect perovskite films.  In 
order to fully understand how a perovskite will perform in varying environmental conditions, 
extensive testing must be completed with highly controlled conditions. 
 In order to fully examine the effects of humidity on perovskite materials, measurements 
over the degradation time must be taken.  This allows researchers to see the nuances of the film 
degradation and the rate at which degradation occurs.  In situ measurements in humidity 
controlled environment is the best way to accomplish this.  Yang et al. (2015) pioneered this 
method, creating an experimental apparatus that allowed samples to be tested in controlled 
humidities, as seen in Figure 2b.  The experimental setup used, as seen in Figure 2a, allowed for 
the strict control and regulation of the relative humidity (RH) in the system and insured a 
controlled experimental process.  Through this measurement technique, features of the 
perovskite decomposition could be further examined. In addition, Yang et al. showed that the 
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experiment was repeatable and consistent when both nitrogen and air was used to complete the 
tests.  In this way, either gas could be humidified and used for testing. (Yang et al., 2015) 
 
 
Figure 2: (a) Experimental Setup (b) In situ testing device (Yang, et al., 2015) 
  
With this study, Yang et al. (2015) completed the ground work to allow for the testing 
and monitoring of perovskite degradation in controlled humidity environments. Using the 
techniques described in the study, further testing on perovskites with different compositions can 
be completed.  By creating and testing perovskite films with varying ion substitutions, the effects 
of these substitutions with respect to humidity in the atmosphere can be explored. 
 
Purpose 
The purpose of these experiments was to determine how perovskite films with varying 
ion compositions react in controlled atmospheric conditions.  Namely, by altering the relative 
humidity of a test chamber housing perovskite samples and subjecting the films to these 
controlled conditions over extended periods, degradation could be observed.  Through this, 
critical points of degradation of the perovskite film could be identified through absorbance 
measurements.  In addition, the half-lives of the films were determined.  These measurements 
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were conducted in the test chamber by affixing the test film to the bottom and housing the 
chamber in the spectrophotometer.  After determining degradation rates and times, the samples 
were assessed and characterized under various instruments.  The assessment of cells included 
Fourier Transform Infrared Spectroscopy and Attenuated Total Reflectance (FTIR-ATR) 
measurements, X-Ray diffraction (XRD) measurements, and reviewing the surface via scanning 
electron microscope (SEM).  In addition, three different perovskite recipies were tested.  
Different mixtures of lead iodide (PbI2), lead bromide (PbBr2), methylammonium iodide (MAI) 
and formamidinium iodide (FAI) were combined according to different studies to form varying 
perovskite films.  In this way, the effects of substituting different ions into the perovskite crystal 
structure could better be understood by way of humidity induced degradation. 
 
Background 
Water Induced Degradation 
 Water in the form of atmospheric moisture has proven to be a key factor in perovskite 
degradation.  In a study conducted by Tong et al. (2015), models were used to simulate the 
adsorption of water molecules onto MAPbI3 perovskite structures.  In the model, the water 
adsorbs to the surface of the perovskite crystal before diffusing into the structure itself.  With a 
calculated diffusion barrier between the surface and inside region of the perovskite of 0.04 eV, 
water can penetrate the large interstitial space of the perovskite crystal structure.  This water then 
interacts with the MA ion in the crystal structure, causing the corrosion of the structure through 
changing the orientation of the ion.  A schematic of water ions infiltrating the perovskite crystal 
structure and its effects on optical absorption can be seen in Figure 3. (Tong et al., 2015) 
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Figure 3: The effects of water on perovskite crystals (Tong et al., 2015) 
 
This decomposition pathway of the perovskite can be seen in Figure 4a. With the addition 
of water, the perovskite structure is decomposed into methylammonium iodide and lead iodide.  
Further, the MAI is decomposed into hydriodic acid and methylamine resulting in a complete 
breakdown of the perovskite film.  The chemical description of this decomposition is detailed in 
Figure 4b.  The speed of this reaction is based on the amount of water that the films are subjected 
to.  
(a) (b)
 
Figure 4:  The decomposition pathway of MAPbI3 perovskites due to water (Wang et al., 2016) 
 
In addition to the authors in situ absorbance testing, Yang et al. (2015) also performed in 
situ grazing incidence x-ray diffraction (GIXRD) measurements that showed the formation of a 
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hydrated compound, (CH3NH3)4 PbI6•2H20 as a result of the humidity testing. This data suggests 
that a hydrated phase of the perovskite degradation exists as an intermediate in the 
decomposition of the films. This phenomenon was also observed by Christians et al. (2015) 
when the authors synthesized the dihydrate in the form a bright yellow precipitate. The XRD 
pattern for the dihydrate can be seen in Figure 5. 
 
 
Figure 5: XRD patterns of perovskites under various conditions (Christians et al., 2015) 
 
However, in another study completed by Leguy et al. (2015) XRD techniques were used 
to identify that a reversible monohydrate form, CH3NH3PbI3•H20 forms before the irreversible 
dihydrate form.  The reaction pathway is detailed in Figure 6.  The authors noted the formation 
of the monohydrate form after a perovskite film was exposed to 80% RH from 30 to 60 minutes.  
However, after 120 minutes in these conditions, dehydrate peaks were observed.  In this way, 
Leguy et al. (2015) concluded that the perovskite hydration reaction is started when a single 
water molecule diffuses into the perovskite structure.  This reaction is completely reversible.  
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With longer exposure to humid conditions, additional water molecules diffuse into the 
perovskite, causing the irreversible creation of the dihyrdated form, PbI2, and water molecules.  
In this way, the degradation of a perovskite is catalyzed by the water molecules that can begin 
degrading or further degrade surrounding crystals. (Leguy et al., 2015) 
 
 
Figure 6: Formation pathway for monohydrate and dehydrate perovskites (Leguy et al., 2015) 
 
Substitution Ion Selection 
The idea behind ion substitution is to create a better performing perovskite film.  In many 
cases, this is done to create a more efficient solar cell device or to tune the band gap of the 
perovskite layer for use as in a tandem solar cell.  Jacobsson et al. (2016) noted that for 
perovskite cells to compete with silicon based cells, a more efficient and less expensive cell 
would have to be fabricated.  Although advances leading to increased perovskite cell efficiencies 
have been found, the authors argue that use in a tandem cell may be the best application of the 
technology.  Instead of producing highly efficient and expensive silicon cells, combining a 
moderately efficient silicon cell with a perovskite cell with an ion tuned band gap could generate 
higher efficiencies at a lower cost.  This can be seen in Figure 7.  Since perovskite cells are best 
used as top cells in tandem cells and silicon has a band gap of 1.1 eV, tuning the band gap of the 
perovskite to 1.72 eV could produce highly efficient solar cells.  This would alleviate the cost 
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associated with manufacturing the best possible silicon cell by incorporating a less expensive 
perovskite cell to boost the overall efficiency. (Jacobsson et al., 2016) 
 
 
Figure 7: Estimated efficiencies of tandem solar cells based on the band gap of the top and 
bottom cells. (Jacobsson et al., 2016) 
 
At the current time, most of the research focus is on creating the next record solar cell 
device, and less on enhancing the stability of the films in regard to atmospheric moisture.  
Formamidinium and bromine ions have recently been shown to offer positive enhancements to 
perovskite performance through increased crystallinity and band gap tuning. 
With the addition of FA ions to the MAPbI3 perovskite, the study by Yang et al. (2016) 
showed an absorbance shift from 790 nm to 840 nm as the percent FA in the film increased from 
0% to 100%.  Similarly, the band gap energy decreased from 1.61 eV to 1.51 eV and the XRD 
peak shifted from 14.22° to 13.95° for MAPbI3 and FAPbI3 respectively.  This represents a 
conversion of the tetragonal phase MAPbI3 perovskite to a trigonal phase FAPbI3 perovskite.  
This conversion can be seen in Figure 8 and indicates that the FA ions were homogeneously 
incorporated into the MAPbI3 crystal structure.  Through testing to determine the best hybrid 
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perovskite based on power conversion efficiency (PCE), a MA0.7FA0.3PbI3 perovskite was 
identified. (Yang et al., 2016)  The PCE is determined using open circuit voltage (VOC), fill 
factor (FF), and short circuit current (ISC) of the solar cell along with the power of the incident 
sunlight (Pin) using the equation     
        
   
.   
 
Figure 8: XRD spectrum of MAxFA1-xPbI3 (Yang et al., 2016) 
 
Pallet et al. (2014) also found that using a majority of MA ions in MA0.6FA0.4PbI3 
generated efficient solar cells, remarking about the decreased presence of the δ-phase FA 
perovskite formed with increased MA content. (Pallet et al., 2014) This non-perovskite, yellow 
colored δ-phase if formed more easily than the black α-phase perovskite due to is lower 
formation energy, causing pure FAPbI3 films to be difficult to fabricate. (Yang et al., 2016) With 
an optimized MA:FA ratio, the effects of bromine ions could be determined. 
 Similarly to the FA ions, Br
-
 ions were also homogeneously incorporated into the 
MA0.7FA0.3PbI3 crystal structure.  When the bromine ion content increased from 0% to 20%, 
Yang et al. (2016) showed an absorbance shift from 800 nm to 750 nm and a change in band gap 
energy from 1.57 eV to 1.69 eV was observed.  In addition, the incorporation of Br
-
 ions shifted 
the XRD peak from 14.10° to 14.30°, showing a gradual change from a tetragonal phase to a 
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more stable cubic phase.  This shift can be seen in Figure 9.  This improved crystallinity also 
increases carrier lifetime and decreases the density of trap states in the films and consequently 
increases PCE.  Similarly to the FA trials, testing was completed to determine the best perovskite 
composition and a MA0.7FA0.3Pb(I0.9Br0.1)3 perovskite was identified. (Yang et al., 2016) 
Berdiyorov et al. (2015) also found that the addition of small amounts of Br
-
 ions significantly 
increased the electron transport of MAPbI3 perovskites due to higher crystallinity, corresponding 
to an increase in solar cell efficiencies. (Berdiyorov et al, 2015) 
 
 
Figure 9: XRD spectrum of MA0.7FA0.3Pb(I1-yBry)3 (Yang et al., 2016) 
  
Wang et al. also described an experiment that captured the effects of increased Br ion 
content on perovskite film stability.  Four perovskite solar cells were created with varying Br 
content, as seen in Figure 10.  The initial efficiencies of these cells were measured and the cells 
with lower Br ion content were more efficient, as would be expected.  After this initial test, the 
films were subjected to a 35% RH environment for 3 days and minor changes in the cell 
efficiencies were observed.  However, the cells were then subjected to 55% RH on the fourth day 
and the cells with little to no Br content experienced large drops in efficiency.  Conversely, the 
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cells with increased Br content remained unchanged even with the increased RH.  Beyond this, 
the cells with high iodine content continued to degrade under the 35% RH atmosphere while the 
other cells kept their efficiency. (Wang et al., 2016) 
 
 
Figure 10: The effects of prolonged humidity exposure on MAPb(I1-xBrx)3 (Wang et al., 2016) 
 
In another study by Reuss et al. (2016), perovskite films with varying fractions of 
bromide and iodine ions were subjected to 67±5% RH atmospheres and observed, as seen in 
Figure 11a.  It can be seen to the naked eye that the higher iodine content films were influenced 
far more greatly than the higher bromine content films.  This effect can also be seen in Figure 
11b as the absorption spectra show little degradation in the bromide rich films over time.  The 
authors found that by increasing the bromine content of the films, the perovskites became less 
susceptible to the moisture in the air by suppressing the transformation of the perovskite into a 
hydrated phase.  The monohydrate form, CH3NH3Pb(I1-xBrx)3·H2O, was observed in sample with 
high iodine contents and samples with high bromine contents tended to not transform.  This was 
thought to be due to the strong hydrogen bonding observed between the bromine and MA ions. 
(Reuss et al., 2016) 
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(a)
  
(b)
 
Figure 11: MAPb(I1-xBrx)3 degradation images (a) and associated absorption spectra (b) 
(Reuss et al., 2016) 
 
Further testing concluded that the incorporation of FA and Br
-
 ions decrease the 
activation energy for boundary mobility, leading to larger grain sizes and improved crystallinity 
in the perovskite films.  In addition, the addition of these ions decreases the number of defects in 
the perovskite films, increasing the potential performance for solar cell usage.  Beyond this, both 
ions can be used to tune the band gap of the perovskite film being created. (Yang et al., 2014) 
 In addition to band gap tuning, many studies have shown that FA and Br
-
 ions can be 
used to tune the optical color of perovskite films, ranging from dark brown to yellow or red.  In a 
study completed by Cui et al. (2015), the Br content in MAPbI3 perovskites was systematically 
altered in order to color-tune the films for potential use in building applications.  Figure 12 
depicts the results of the study.  Through simple changes in ion substitution, the films ranged 
from a yellow MAPbBr3, to a red MAPbBr2I, and to the well documented dark brown MAPbI3.  
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The corresponding efficiencies for these films ranged from 3.53% to 12.76% for the MAPbBr3 
and the MAPbI3 respectively.  In this way, it was shown that color tuning perovskite films for 
specific applications beyond highly efficient solar cell use is possible using Br
-
 ions. (Cui et al., 
2015) 
 
Figure 12: Color Tuning perovskites with varying I:Br ratios (Cui et al., 2015) 
 
 Recently, a study completed by Jacobsson et al. (2016) explored the effects of changing 
both the MA:FA and Br:I ratios on color tuning perovskite films.  Their matrix of samples can be 
seen in Figure 13.  
 
Figure 13: Color Tuning perovskites with varying I:Br and MA:FA ratios (Jacobsson et al., 
2016) 
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The perovskite films with larger portions of iodine tended to be a dark brown color compared to 
the red and yellow color present with larger portions of bromine.  This is consistent with the Cui 
et al (2015) study.  In the case of substituting FA for MA, there is not a large difference in the 
color until the film is FAPbBr3.  The authors noted that this is likely due to the yellow hexagonal 
FA polymorph.  When viewing the films under SEM, the iodine containing films were smooth 
with limited number of pinholes.  The films containing a majority of bromine appeared 
smoother, but also cracked under the SEMs electron beam, potentially indicating more fragile 
grain boundaries.  In addition, the authors also confirmed that Br increases the band gap, while 
FA decreases it.  Interestingly, the authors also noted that XRD data often showed an excess of 
PbI2 in the mixed perovskites.  In this way, they believe that PbBr2 forms perovskites more 
readily than PbI2.  This is an interesting observation as iodine based perovskites produce more 
efficient solar cells, as seen in Figure 14, but bromine based perovskites crystallize more readily. 
(Jacobsson et al., 2016) 
 
Figure 14: Efficiencies of perovskites with varying I:Br and MA:FA ratios (Jacobsson et al., 
2016) 
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Temperature Induced Degradation  
Temperature also plays a large role in the life of a solar cell.  Even before it is subjected 
to the intense heat to the sun for many hours a day, perovskite layers must be annealed onto the 
surface of the cell.  Many studies found that increased temperature and duration of heating 
causes the perovskite film to break down into lead iodide prematurely.  In one study by Supasai 
et al. (2013), GIXRD was used to verify that after heating a MAPbI3 to 100°C for 30 minutes, no 
lead iodide diffraction peaks were present. It was also noted that annealing the films at 140°C 
and 160°C induced decomposition to PbI2.  These conclusions can be seen in the spectra in 
Figure 15. (Supasai et al., 2013) 
 
Figure 15: GIXRD spectra of perovskite film annealed at different temperatures (Supasai et al., 
2013) 
 
 However, a study completed by Bag et al. (2015) showed that the addition of FA ions 
into the MAPbI3 crystal lattice helps provide photostability through lowering the absorption of 
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infrared light.  The authors noted that perovskite photodegradation occurs over the infrared due 
to increased ion transport in the MAPbI3 films.  The addition of FA ions alters the absorption 
characteristics of the films by increasing the energy necessary for ion diffusion, providing 
improved stability. (Bag et al., 2015)  In addition, the addition of FA showed an increased 
temperature stability as FAI perovskites remain stable up to 150°C, while the presence of the 
MA ions allow them to be formed at 100°C. (Wang et al., 2016)   
  
Methods 
The experimental set up consisted of humidifying a stream of nitrogen to a given relative 
humidity before sending it into the test chamber (Figure 16).  The test chamber was 256 cm
3
 and 
was made of borosilicate glass adhered with glass glue and sealed with silicone caulk.  The 
removable lid sealed to the base through a silicone gasket that could be fastened using tape so no 
leaking would occur.  The outlet of the chamber was an eighth inch tube to prevent back 
diffusion from the lab atmosphere.  The input to the chamber was a single quarter inch tube that 
combined the flow from two separate lines.  
 
 
Figure 16: Humidity Test Chamber 
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The nitrogen flow from a bottle was divided between a straight line to the chamber and a 
line that passed through a deionized water bubbler to create saturated gas.  Using a hygrometer, 
the relative humidity measurements were verified before each test via in situ readings.  Upon 
testing, the bubbler was found to produce a maximum of 85% relative humidity.  The flow in 
these “wet” and “dry” lines was controlled by volumetric flow meters that could be manually set 
to alter the humidity level in the chamber.  In the case of the 30% relative humidity test, the dry 
line was set to 0.088 L/min and the wet line was set to 0.162 L/min.  In this way, the 0.25 L/min 
total flowrate consisted of 30% moist gas, giving the correct relative humidity for the test.  
Similarly, in the case of the 50% relative humidity test, the dry line was set to 0.103 LPM and 
the wet line was set to 0.147 L/min.  Finally, in the case of the 80% relative humidity test, the 
dry line was set to 0 L/min and the wet line was set to 0.25 L/min.  A schematic of the 
experimental set up is detailed in Figure 17 and a picture of the actual set-up is provided in 
Figure 18. 
 
Figure 17: Experimental Set-up Schematic 
N
2
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Figure 18: Experimental Set-up 
 
Gloves and Safety glasses were worn at all times to avoid cuts, burns, and chemical 
exposure.  All samples were made on fluorine doped tin oxide (FTO) glass or borosilicate 
microscope slides.  The glass selection depended on the instrument the sample was being tested 
in.  All glass was cut using a glass cutter to score glass and the pieces were broken using “glass 
scissors”.  Glass pieces were then thoroughly cleaned and dried.  Water with RBS detergent was 
added to container so that glass was completely covered and the container was sonicated for 5 
minutes.  The container was then emptied and the glass was rinsed in the container with DI 
water.  Additional DI water was poured into container so that glass is completely covered and the 
glass was sonicated again for 5 minutes.  The container was emptied of water and ethanol was 
added until the glass pieces were completely covered.  The container was then sonicated for 5 
minutes before emptying the ethanol into an appropriate Hazardous Waste container.  The glass 
pieces were then dried in an oven at 70°C for an hour. 
The perovskite recipes used were adapted from reports by Correa Baena et al. (2015) as 
well as Yang et al. (2016).  For the first perovskite, a solution of 1.2 M lead iodide (1.3830 g) 
and 1.2 M methylammonium iodide (MAI) (0.4769 g) in 0.5 ml of dimethylsulfoxide (DMSO) 
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and 2 ml dimethylformamide (DMF).  This recipe is commonly used in studies and is a good 
baseline for additional testing.  To test the effects of substituting anions and cations, lead 
bromide and formamidinium iodide (FAI) were added to the perovskite solutions.  The second 
perovskite tested was a solution of 1.2 M lead iodide (1.3830 g), 0.36M FAI (0.1548 g), and 0.84 
M MAI (0.3338 g) in 0.5 ml of DMSO and 2 ml DMF to form MA0.7FA0.3PbI3.  The third and 
final perovskite was a solution of 1.02 M lead iodide (1.1756 g), 0.18 M lead bromide (0.1652 
g), 0.36 M FAI (0.1548 g), and 0.84 M MAI (0.3338 g) in 0.5 ml of DMSO and 2 ml DMF to 
form MA0.7FA0.3Pb(I0.9Br0.1)3.  In all cases described, the perovskites were formed by adding the 
solid materials to a vial before adding the liquid materials.  A quarter inch stir bar was added to 
each vial and the solutions were stirred for 24 hours to ensure they were homogeneous.  Before 
using the solution, each was subjected to a 0.22 μm filter. 
When preparing the perovskite films, clean, room temperature glass pieces were placed 
into a spin coater and secured using the suction from a vacuum pump.  150 μl of perovskite 
solution was then pipetted onto the middle of the surface of the glass.  The sample was then 
subjected to 1000 RPM for 10 seconds followed by 4000 RPM for 20 seconds.  10 seconds 
before the second 4000 RPM step was finished, 100 μl of chlorobenzene was applied rapidly to 
the middle of the spinning film through a pipette held perpendicular to the glass. The glass pieces 
were then removed from the spin coater and placed onto a hot plate in an environment with a 
relative humidity under 20% for 30 minutes.  The samples were then cooled and stored in a 
desiccator until testing occured.  Fresh samples were made for each test completed. 
To test the films, the borosilicate glass piece with the perovskite film was affixed to the 
base of the chamber before it was sealed.  The chamber was then mounted onto the side of the 
UV-vis spectrophotometer so that the machine’s beam passed through the lid, sample, and 
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bottom of the chamber when scanning.  A background scan of the ambient air and test chamber 
were taken before testing began.  Samples were scanned at defined intervals for 24 hour periods.  
In this way, the half-life of the films could be found.  With this data, experimental times were 
concluded for future tests. 
Secondary tests were performed in a similar way to the absorbance testing.  Perovskite 
films were subjected to 30% and 50% relative humidity for 48 hour periods.  The samples were 
then removed from the chamber XRD and FTIR-ATR measurements were taken to help 
characterize the films.  When using the XRD, samples were scanned from 5 to 55° at a scan rate 
of 2° per minute. 
In conjunction with the humidity testing, initial testing on the fabrication and testing of 
solar cells was completed, as discussed previously.  Cells were assembled stepwise, with each 
layer consisting of different chemicals and annealing methods.  On a basic level, cells consisted 
of a titanium dioxide electron blocking layer, a titanium dioxide mesostructured layer, a 
perovskite layer, a hole transport layer, and silver electrical contacts.  After construction, the 
cells were kept in a humidity free environment until the time of testing.  After testing is 
completed, waste cells will be disposed of properly as hazardous waste.  A general schematic of 
the solar cell can be seen in Figure 19. 
 
Figure 19: Perovskite solar cell schematic (Wang et al., 2016) 
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After the FTO glass was cleaned the titanium dioxide blocking layer was applied via the 
spin coater.  50μl of blocking layer solution was pipetted onto the glass and spun at 2000 RPM 
for 60 sec.  After this, the glass was removed from the spin coater, placed on a titanium hot plate, 
and sintered at 500°C for 2 hours.  Second, the titanium dioxide mesoporous layer was applied 
via the spin coater.  100μl of mesoporous layer solution was pipetted onto the glass and spun at 
2000 RPM for 60 sec.  The glass was then removed from spin coater, placed on a titanium hot 
plate, and sintered at 500°C for 2 hours.  Next, the desired perovskite layer was applied via the 
spin coater.  After the perovskite layer, the spiro hole transport layer was applied via the spin 
coater.  100μl of sipro solution was pipetted onto the glass and spun at 2000 RPM for 60 sec.  
The glass was then removed and stored without heating.  Finally, silver contacts were applied to 
the cells via thermal deposition through a shadow mask.  Contacts were 200 nm thick. 
The blocking layer is a mixture of 369μl of titanium iospropoxide, 35μl of HCl, and 5.06 
ml of isopropanol.  The solution was prepared by measuring 2.53 ml of isopropanol into seperate 
vials.  Titanium iospropoxide was added to one vial and HCl was added to the other.  A 0.25” stir 
bar was them placed in each vial and allowed to stir for 30 seconds.  After this time, the HCl 
solution was added to the titanium iospropoxide solution dropwise while stirring continued.  
Finally, before use, the solution was subjected to a 0.2 μm filter. 
The titanium dioxide mesoporous layer was composed of a 6:1 ratio of terpinol and TiO2 
paste.  To make the solution, an amount of TiO2 paste was measured into a vial.  The mass off 
this paste was found and, using the density of terpinol, a volume of terpinol equal to 6 times the 
mass of the paste was added to the vial.  A 0.25” stir bar was then placed into the vial and stirred 
until the paste had dissolved completely. 
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The hole transport layer is a mixture of 2 ml of chlorobenzene, 23.44 ml TBP, 0.01435 g 
bis(trifluoromethane)sulfonamide lithium salt (LiB), and 0.14g spiro.  All of the solids were 
added to a vial before the chlorobenzene and 4-tert-butylpyridine (TBP) were added.  A 0.25” 
stir bar was placed in the vial and the solution was stirred until the solids dissolved completely. 
 
Initial Background Testing 
Testing began by creating MAPbI3 perovskite films for testing in solar cells based on 
previous literature recipes. The initial perovskite tested was a MAPbI2Cl mixed halide perovskite 
based off of the recipe found in the study completed by Docampo et al. (2013).  In these 
perovskites, 0.85485 g of PbCl2 and 1.4667 g of MAI were combined in 2.5 ml DMF to form a 
1.2 M solution.  The solution was then spin coated onto glass at 2000 RPM and heated to 100°C 
for 45 minutes.  However, after creating solar cells with the perovskite film, low efficiencies 
were discovered.  In an attempt to characterize each layer to find the problem, each was reviewed 
under the SEM.   The FTO layer was pristine as it was previously prepared on the glass before it 
was purchased.  The titanium dioxide blocking layer, found in the Docampo et al. (2013) study, 
appeared as a very dense and thin film.  Blocking layers are meant to deter carrier recombination 
at the FTO and perovskite interface and avoid the short circuiting of the solar cell. (Gao et al., 
2015)  However, small holes appeared in the film, as seen in Figure 20, raising further questions 
on its effectiveness.   
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Figure 20: Titanium Dioxide Blocking Layer (left) and MAPbCl3 Perovskite (right) under the 
SEM 
 
Further testing was completed to compare the current through a plain FTO film and one 
with the blocking layer masking it.  The data presented in Figure 21 was found through a cyclic 
voltammetry (CV) scan using a piece of FTO glass and a piece of FTO glass with the blocking 
layer sintered onto it as the working electrodes for each respective test.  In the tests, a 0.1 M 
solution of  tetrabutylammonium hexafluorophosphate (TBAPF6) in dichloromethane (DCM) 
was used for the supporting electrolyte, a platinum wire rinsed with DCM was used as the 
counter electrode, and the reference electrode was Ag/Ag
+
 as a 0.01 M solution of AgNO3 in the 
supporting electrolyte.  It can be determined based on the results of the scan that the blocking 
layer inhibits the flow of electrons, providing a smaller current compared to the plain FTO 
sample over the voltage sweep from -1.5 V to 1.5 V.  
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Figure 21: CV Scan testing the effectiveness of the titanium dioxide blocking layer. 
 
Attention was the moved to the perovskite layer.  Looking at the film with the naked eye, 
the film appeared grey and cloudy.  Through inspection under the SEM, the films looked porous 
and created an incomplete layer, as seen in Figure 17.  Similar images were discovered in a study 
completed by Wozny et al. (2015), showing the effects of RH on films while they are being 
made.  Figure 22 depicts the effects of increased humidity on the formation of perovskite films.   
 
Figure 22: The effects of humidity on perovskite film formation (Wozny et al, 2015) 
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With this information, it became clear that relatively high amounts of moisture in the air 
had a direct and detrimental effect on the formation of pristine films.  It was also noted that films 
created below 20% RH showed little effect from the moisture in the air.  (Wozny et al, 2015)  As 
the SEM picture in Figure 19e was similar to the perovskite in Figure 17, it became apparent that 
the effects of humidity on perovskite films should be investigated further. 
With additional research, information showed that most recipes had begun to shift away 
from using chloride, and toward using iodide instead.  This substitution was favored due to the 
increased absorbance of the perovskite films when iodide was used, leading to increased solar 
cell performance.  In addition, studies such as Correa Baena et al. (2015) also showed that the 
introduction of toluene or chlorobenzene provided enhanced crystallization of the perovskite 
film, further enhancing the absorption properties. 
Initially, the methylammonium iodide used to create the perovskites was created in the 
lab from precursor solutions.  However, purity concerns surfaced when the perovskites formed as 
streaky films instead of uniform surfaces.  These “star” patterns, as seen in Figure 23a, were 
deemed to be caused by the use of impure substances. 
 
(a)
  
(b)
 
Figure 20: (a)“Star” pattern and (b) nano tubes formed as an imperfect perovskite layer 
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To remedy this, pure materials were purchased from Dyesol.  In addition, by honing in on 
the drop casting technique through specific timing of the chlorobenzene application, uniform 
films were produced. In addition to the “star” patterns, special care had to be taken to avoid 
prematurely drying the films.  By applying the chlorobenzene too early, cloudy, off color films 
were produced.  When checked under the SEM, perovskite nanotubes were found instead of a 
uniform crystalline film, as seen in Figure 23b.  Through extensive testing and refining the 
fabrication process, pristine films were eventually formed. 
Attention was then switched to humidity testing the perovskite layers, as the humidity in 
the air had a marked impact on the surface morphology of the films.  Specifically, after 
prolonged exposure to the atmosphere, the dark films turned yellow as the perovskite films 
degraded.  The reasoning behind this was to increase the lifetime of the perovskite films and find 
alterations to the perovskite that would enhance stability in moist environments.  In order to 
quantify this, tests were run to test the effects of low (30%) and high (95%) humidity over short 
periods of 3 hours. 
The data collected showed promising results.  The FTIR-ATR data shown in Figure 24 
indicated large decreases in features that were attributed to N-H and C-H stretches in a study by 
Jeon et al. (2014) with increased humidity exposure, suggesting loss or hydration of 
methylammonium. In addition, the absorbance spectrum shown in Figure 24 indicated that high 
humidity leads to faster degradation of the films.  As seen in previous studies, exposure to low 
humidity for a short time produced a small difference in the absorbance of the films.   
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Figure 24: Absorbance spectrum (left) and FTIR data (right) for MAPbI3 perovskite films after 3 
hours of exposure 
 
Figure 25: XRD Spectra for MAPbI3 perovskite films.  Perovskite and lead iodide peaks are 
labeled using red and blue dots respectively. 
 
Finally, the XRD plot shown in Figure 25 showed the conversion of CH3NH3I to PbI2 
with increased humidity.  In Figure 25, the peaks under the blue dots indicate the crystal 
structure of PbI2 while the red dots indicate the MAPbI3 peaks.  The peaks associated with PbI2 
grew strongly after the exposure to high humidity, but were not noticeable when exposed to the 
low humidity.  Although the initial sample appeared to contain PbI2, transportation to the XRD 
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machine under humid conditions was cited for this premature degradation.  In addition, even 
under high relative humidity, the perovskite crystal peaks remained.  In this way, even thought 
they were diminished, the perovskite film was not completely degraded.   
With this data, it was determined that additional testing would reveal degradation rates 
and properties of the perovskite films.  Specifically, measuring the absorbance of films over time 
and tracking the film degradation would provide insight on the stability of perovskites and the 
applicability in the field. 
 
Solar Cell Testing 
When testing solar cells, electrodes were connected to a current/voltage (I/V) sweeping 
machine to find the I/V curve and test efficiencies.  However, the cells were initially connected 
with alligator clips and masked with electrical tape.  These connections lead to poor electrical 
connections and puncturing of the evaporated electrodes on the cells. This lead to inaccurate I/V 
measurements and poor results.  To remedy this, a solar cell testing device was developed and 
manufactured.  Instead of attaching the alligator clips directly to the cell, they were clipped onto 
wires that were soldered into springs to create non-destructive electrical contacts.  These springs 
were spaced to make contact with the end of each test strip and with the ground strip on the cells 
in a plastic housing with a guide to seat the cells correctly.  Finally, a cover was created with a 
slit cut through the middle at a width of 4 mm.  In this way, the test area of each cell was 
confined to exactly 0.12 cm
2
 for each trial.  Using the holder increased the accuracy of the trials 
and allowed cells to be reused more frequently.  Pictures of the solar cell holder can be seen in 
Figure 26.  In addition, I/V curves found using alligator clips and the holder can be seen in 
Figure 27. 
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Figure 26: Solar Cell Testing Device 
 
 
Figure 27: Solar Cell Testing Comparison 
 
In addition to illustrating the merits of the solar cell testing device, Figure 27 also 
illustrates results from the testing of solar cell devices.  Initial testing of the MAPbI2Cl solar cell 
devices produced a maximum efficiency of 2.77%.  In an attempt to improve this efficiency of 
future devices, MAPbI3 was utilized as the new perovskite layer in the cell.  The best efficiency 
reading found during the testing of the MAPbI3 cells, 5.02%, was garnered from the green I/V 
curve in Figure 27.  Although this was an increase in efficiency, neither of these reading were 
close to the reported values in published literature.  There are numerous potential causes of 
degradation of perovskite-based solar cell devices, which will be briefly summarized. 
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Beyond environmental conditions that lead to perovskite degradation, integration into 
solar cells provides its own problems for the films.  In most solar cells, a hole transport layer is 
applied directly on top of the perovskite layer to ensure efficient hole transport out of the 
material.  As discussed by Wang et al. (2015), the most commonly used hole transport material is 
Spiro-OMeTAD, which requires additives to improve conductivity.  However, the 4-tert-
butylpyridine and bis(trifluoromethane)sulfonamide lithium salt used also degrades the 
perovskite film.  In addition to the hole transport layer, the evaporated metal contacts used as 
electrodes on the solar cell can also have an effect on the perovskite layer.  Although gold is used 
as an electrode in high efficiency solar cells, silver is also used to minimize cost.  However, 
studies have shown that silver is more environmentally unstable.  When exposed to moisture in 
the atmosphere, pinholes can form in the spiro layer, allowing the moist air to interact with the 
perovskite layer.  With this, the perovskite degrades and iodine containing species migrate 
through the spiro and diffuse into the silver contact, creating AgI. (Wang et al., 2016)  
Due to the complexity of the solar cell devices and the many factors that can impair their 
performance, the remainder of this study focused on testing and characterization of the 
perovskite layer itself. 
 
Results and Discussion  
To further the research on in situ monitoring of perovskite degradation, perovskites 
utilizing FA and Br ions were tested.  These perovskites were chosen based on commonly used 
recipes found in literature and utilizing ion substitutions that have known benefits to perovskite 
efficiency and stability.  The following are measurements characterizing the perovskites used in 
the experimentation.  In the trials, the films were tested until they reached their “end of life” 
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(EOL) under an 85% RH to ensure a full degradation spectrum was collected.  The EOL was 
determined based on literature values and the change in absorbance of the films over time.  
When the absorbance readings plateaued, the trial was stopped.  Using this data, the half-life of 
each film was found by calculating the time it took to reach the midpoint between the initial and 
final absorbance values at 410 nm.  After, the effects of 30% RH and 50% RH were explored by 
exposing the films for 2 days to these conditions.  In addition, initial measurements of each film 
were taken as a base line. 
Initial absorbance readings of the three perovskite films were taken and can be seen in 
Figure 28.  Using the well documented absorbance spectra of MAPbI3 as a baseline, the 
MA0.7FA0.3PbI3 and MA0.7FA0.3Pb(I0.9Br0.1)3 perovskite films were compared and characterized.  
Although both MAPbI3 and MA0.7FA0.3PbI3 both show an increase in absorbance around 760 
nm, the effects of the inclusion of FA into the perovskite crystal structure can be seen as both the 
MA0.7FA0.3PbI3 and MA0.7FA0.3Pb(I0.9Br0.1)3 perovskite films exhibit similar absorbance  spectra 
below 700 nm.  As the common factor in both of these films is the addition of FA, this change in 
absorbance can be attributed to the addition of the ion, leading to a decrease in overall 
absorbance over the light spectrum.  In addition, the films with FA added appeared to have a 
lighter brown color compared to the dark brown color of the MAPbI3 to the naked eye, an 
observation confirmed by the absorbance spectra.  The major difference in the MA0.7FA0.3PbI3 
and MA0.7FA0.3Pb(I0.9Br0.1)3 perovskite films can be seen in the 700 to 800 nm range.  It can be 
seen in Figure 11 that increasing the bromine composition of the perovskite by 15% results in a 
shift in the absorbance spectra slightly from around 760 nm to around 720 nm.  This result is also 
observed in the data presented in Figure 28 as a 10% increase in the bromine content of the 
perovskite resulted in a noticeable shift in the absorbance spectra. 
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Figure 28: Initial absorbance spectra of (blue) MAPbI3, (red) MA0.7FA0.3PbI3, and (green) 
MA0.7FA0.3Pb(I0.9Br0.1)3 perovskite films 
 
Under the SEM, the films for each respective recipe, shown in Figure 29, indicated that a 
crystalline film was formed that was consistent with literature images, as seen in Figure 30.  
Small pin holes can be seen in all of the images, indicating imperfections in the crystal structure, 
in addition to cracking along the grain boundaries.  This cracking, as mentioned by Jacobsson, et 
al. (2016), is due to the charging effects of the electron beam of the SEM. After recording these 
images, zooming out reveals cracks only in the previously imaged area. 
 
 
Figure 29: (From left to right) SEM images of MAPbI3, MA0.7FA0.3PbI3, and 
MA0.7FA0.3Pb(I0.9Br0.1)3 perovskite films 
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Figure 30: SEM images of (a) MAPbI3, (b) MA0.7FA0.3PbI3, and (c) MA0.7FA0.3Pb(I0.9Br0.1)3 
perovskite films (Yang et al., 2016) 
 
The experimental set-up for the in situ testing in this study was validated by comparing 
results to the results of the study completed by Yang et al. (2015).  The results of the authors’ 
98% RH test on MAPbI3 can be seen in Figure 31.  The spectra collected as a part of the 85% 
RH test on MAPbI3 can be seen in Figure 32.  This graph of scans separated by 15 minutes 
closely matches the literature equivalent presented.  The absorption characteristics are nearly 
identical, including the isosbestic point.  This was taken as confirmation that the experimental set 
up worked as intended.  Using the plotted spectra at 410 nm, the half-life of the film was 
determined to be 31 hours as seen in Figure 32. 
 
Figure 31: Absorbance spectrum of the degradation of MAPbI3 perovskite under 98% 
RH (Yang, et al., 2015) 
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Figure 32: Absorbance spectra, taken every 15 min., of the degradation (blue to red) of MAPbI3 
perovskite under 85% RH (left) and half-life determination of the film (right) 
 
The spatial evolution of degradation of the MAPbI3 perovskite film under the 85% RH 
exposure can be seen in photographs shown in Figure 33. As time progresses, the dark brown 
perovskite degrades into the yellow lead iodide.   It appears as though that the degradation starts 
at weak parts of the film, perhaps at the pin holes in the surface.  From there, it appears to follow 
the grain boundaries of the crystals, seemingly hydrating the perovskite crystals.  The transition 
from a pristine film to a degraded one is site specific, with parts of the film remaining intact for 
longer period than others.  However, exposure to moisture ultimately causes the complete 
transformation of the material, as the entire film takes on the yellow color of lead iodide.  This 
evidence of uneven spatial evolution is an important complement to the fixed-site absorbance 
readings.  Instead of a uniform conversion to lead iodide over the entire film, the absorbance 
reading could vary based on which part of the film was scanned. These results are similar to 
observations by Yang et al. (2015), who observed a similar breakdown as seen in Figure 34.  
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Figure 33: MAPbI3 perovskite during 85% RH exposure after 0, 24, 48, and 72 hours 
 
 
Figure 34: MAPbI3 perovskite during 98% RH exposure test (Yang, et al., 2015) 
 
Under the XRD, the MAPbI3 perovskite exhibited the diffraction peaks that are seen in 
literature and detailed in Figure 5.  These can be seen in Figure 35 as the initial scan with the 
major peak occurring at 13.52°.  The additional scans shed light on the effects of increased 
humidity on the degradation of the films.  In Figure 35, the appearance and large increase in the 
intensity of the lead iodide diffraction peaks indicate a breakdown of the perovskite film in all of 
the RH tests.  Over the 2 day test period, the 30% RH exposure generated only a small lead 
iodide peak when compare to the 50% RH test as the perovskite peaks were diminished.  
However, the peak around 12° is more intense on the 85% RH EOL test film.  This indicates a 
more complete breakdown and conversion of the film into lead iodide when the film is fully 
degraded. 
0 hr 24 hr 48 hr 72 hr 
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Figure 35: XRD spectra of MAPbI3 before and after 85%, 30%, and 50% RH exposure. 
 
In the FTIR-ATR spectra, the degradation of the N-H bond peaks is readily apparent.  
Although there is minimal degradation under 30% RH after 2 days, the 50% RH drastically 
reduced the signal intensity.  It can also be seen in Figure 36 that the EOL film created under 
85% RH saw a complete loss in the signal intensity, suggesting the loss of methylamine through 
the hydration of MAI, consistent with conversion of the perovskite film into lead iodide. 
 
 
Figure 36: FTIR-ATR spectra of MAPbI3 before and after 85%, 30%, and 50% RH exposure 
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The spectra of MA0.7FA0.3PbI3 degrading under 85% RH taken every 15 minutes can be 
seen in Figure 37. The data indicates a rapid degradation of the film.  Using the plotted spectra at 
410 nm, the half-life of the film was determined to be 9 hours, as seen in Figure 37.  By 
comparing these results to those of MAPbI3, it can be observed that the addition of FA may 
decrease the stability of the film with respect to atmospheric moisture. 
  
Figure 37: Absorbance spectra, taken every 15 min., of the degradation (blue to red) of 
MA0.7FA0.3PbI3 under 85% RH (left) and half-life determination of the film (right) 
 
The series of photographs included in Figure 38 depicts the degradation of the 
MA0.7FA0.3PbI3 perovskite film under the 85% RH exposure.  It can be seen that the degradation, 
similar to the MAPbI3 film, appears to start at weak parts of the film, potentially at the grain 
boundaries.  From there, the degradation appears to slowly spread, perhaps as the surrounding 
perovskite crystals are hydrated.  This leads to a slow transition to the yellow color of the lead 
iodide.  Similar to the MAPbI3 film, he transition from a pristine film to a degraded is site 
specific, as parts of the film remain intact for longer period than others.   
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Figure 38: MA0.7FA0.3PbI3 perovskite during 85% RH exposure after 0, 24, and 48 hours 
 
In the case of the MA0.7FA0.3PbI3 perovskite, the XRD scan, seen in Figure 39, showed a 
similar pattern of degradation to the MAPbI3.  The initial scan included diffraction peaks 
corresponding to the perovskite crystal structure as identified in literature with the major peak 
occurring at 13.48°.  This shift in the diffraction peak down 0.04° from the MAPbI3 peak is 
consistent with literature values and indicates the incorporation of the FA into the perovskite 
crystal structure.  With humidity exposure, lead iodide peaks started to appear, although without 
the same intensity as the MAPbI3 perovskite.  No perovskite peaks remained after fully 
degrading the film under 85% RH.  Similarly, even after 2 days of exposure to 50% RH, the 
perovskite diffraction peaks were non-existent.  This shows how quickly the film degrades under 
even a moderate RH.  However, after 2 days of exposure to 30% RH, the perovskite peaks 
remained, showing moderate stability in low RH environments. 
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Figure 39: XRD spectra of MA0.7FA0.3PbI3 before and after 85%, 30%, and 50% RH exposure 
 
The FTIR-ATR spectra for MA0.7FA0.3PbI3, seen in Figure 40, show a number of 
interesting features of the films.  First, two additional peaks at 3275 cm
-1
 and 3325 cm
-1
 appeared 
in the spectra.  In addition, the peak at 3175 cm
-1
 appeared to be half as intense as the 
corresponding peak in the MAPbI3 spectra.  To understand these new additions, FTIR-ATR 
spectra were taken for MAI and FAI, as seen in Figure 41. In this plot, a peak associated with 
FAI is present at 3325 cm
-1
 where the MAI spectrum has no intensity readings.  With this 
information, it can be shown that there is a FA presence in the films.  After exposure to increased 
humidity conditions, the intensity of the N-H stretch is diminished, suggesting the loss of 
methylamine and formamidine through the hydration of MAI and FAI respectively.   It can also 
be seen that the intensity of the N-H stretch tends to be diminished more rapidly than the 
additional peaks associated with the FAI.  This remaining signal intensity suggests that the 
methylamine leaves the perovskite structure more rapidly than formamidine. 
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Figure 40: FTIR-ATR spectra of MA0.7FA0.3PbI3 perovskite before and after 85%, 30%, and 
50% RH exposure 
 
 
Figure 41: FTIR-ATR spectra of MAI and FAI 
 
The spectra collected during the 85% RH test on MA0.7FA0.3Pb(I0.9Br0.1)3 can be seen in 
Figure 42.  This series of scans, each separated by 1 hour, shows a slow initial degradation of the 
film, followed by a faster degradation before slowing down again.  Using the plotted spectra at 
410 nm, the half-life of the film was determined to be 15 hours.  By comparing Figure 42 to 
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Figure 37, it can be observed that although nuances in the degradation spectra, like the dip 
around 350 nm, are the same in both films, the addition of the bromine ion appeared to have 
slowed down the initial degradation process.   
 
  
Figure 42: Absorbance spectra, taken every hour, of the degradation (blue to red) of 
MA0.7FA0.3Pb(I0.9Br0.1)3 under 85% RH (left) and half-life determination of the film (right) 
 
The series of pictures included in Figure 43 depicts the degradation of the 
MA0.7FA0.3Pb(I0.9Br0.1)3 perovskite film under the 85% RH exposure.  The film degradation goes 
from left to right, as the brown perovskite degrades into the yellow lead iodide.  The pictures 
were taken during the experiment after 0, 12, and 36 hours.  It can be seen that the degradation, 
unlike the other films, appears to uniform over the entire surface.  Instead of seeing degradation 
at the grain boundaries and pinholes in the film, a cloudiness came over the film as it transitioned 
from brown to yellow.  This uniformity could be due to the improved crystallinity of the films 
due to the bromine ion addition to the crystal structure. 
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Figure 43: MA0.7FA0.3Pb(I0.9Br0.1)3 during 85% RH exposure after 0, 12, and 36 hours 
 
The initial scan of the MA0.7FA0.3Pb(I0.9Br0.1)3 perovskite showed diffraction peaks 
corresponding to the perovskite crystal structure as identified in literature with the major peak 
occurring at 13.54°.  This shift in the diffraction peak up 0.06° from the MA0.7FA0.3PbI3 peak is 
consistent with literature values and indicates the incorporation of the Br
-
 ions into the perovskite 
crystal structure.  As seen with the other perovskite films, humidity exposure caused the 
appearance of lead iodide peaks, although without the same intensity as the MAPbI3 perovskite.  
In addition, the initial perovskite diffraction peaks for the MA0.7FA0.3Pb(I0.9Br0.1)3 were not as 
defined as the other films, and lead iodide peaks were present in the initial scan, suggesting 
imperfect initial formation of the film.  Under 30% RH, the perovskite diffraction peaks remain 
intact, but increased humidity causes them to disappear.  Under 50% RH exposure, the 
perovskite peak is replaced by a larger lead iodide peak.  Similarly, after complete degradation of 
the film under 85% RH, no perovskite peaks remained and additional lead iodide peaks appeared 
in the spectra.  These features can be seen in Figure 44. 
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Figure 44: XRD spectra of MA0.7FA0.3Pb(I0.9Br0.1)3 before and after 85%, 30%, and 50% RH 
exposure 
 
The FTIR-ATR spectra for MA0.7FA0.3Pb(I0.9Br0.1)3 can be seen in Figure 45.  Compared 
to the Figure 40, the same general peaks are present and with similar intensities.  However, the 
peak at 3275 cm
-1
 is less intense than the one seen in Figure 40.  This change in peak intensity 
could indicate an addition of bromine into the perovskite film.  In addition, under high humidity, 
the intensities of the N-H peaks tend to decrease more rapidly than the additional FAI associated 
peaks, as seen in the MA0.7FA0.3PbI3 film. 
 
Figure 45: FTIR-ATR spectra of MA0.7FA0.3Pb(I0.9Br0.1)3 before and after 85%, 30%, and 50% 
RH exposure 
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Conclusions 
The purpose of this project was to determine how perovskite films with varying ion 
compositions react in controlled atmospheric conditions.  Through in situ testing under high 
humidity conditions and subsequent lower humidity testing, an in depth picture of the 
degradation pathway of three different perovskite films was formed.  The effect of 
formamidinium and bromine ion incorporation into perovskite crystals were examined through 
the fabrication of MA0.7FA0.3PbI3 and MA0.7FA0.3Pb(I0.9Br0.1)3 films and comparing them to 
MAPbI3 perovskite films. 
 It was shown through every test on every perovskite that humidity had a large and 
detrimental effect on perovskite films.  The degradation pathways may vary, but the final results 
always indicated a breakdown of the perovskite crystal structure, resulting in the formation of 
lead iodide.  Results of this breakdown were seen using a number of different characterization 
techniques.  
 Through the use of the UV-vis, the absorption spectra of each film could be analyzed 
over time.  It can be seen that each spectrum continually shifts from its initial shape to its final 
shape smoothly.  This transition suggests a simple transformation from the perovskite crystals to 
lead iodide.  If transformations involving multiple products at different rates were occurring 
during the reaction, more complex shifts and features would be present in the spectra over the 
degradation time period.  In addition, the absorbance spectra showed the initial light absorbing 
characteristics of each film and gave indications of the films stability over time.  For the 
MA0.7FA0.3PbI3 and MA0.7FA0.3Pb(I0.9Br0.1)3 films, new degradation rates were observed, 
showing a faster breakdown of the film with the use of FA ions when compared to MAPbI3.  
However, the incorporation of bromine slowed the degradation process, recovering some of the 
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stability that was lost.  This was concluded as the half-lives for the MAPbI3, MA0.7FA0.3PbI3, and 
MA0.7FA0.3Pb(I0.9Br0.1)3 films were 31 hours, 9 hours, and 15 hours respectively.  Pairing this 
data with visual and SEM data provides a more holistic picture of the degradation.  The 
spectrophotometer measures the absorbance in a select area of the film.  However, it was seen 
that the location of this sampling point can influence the data over time.  For the perovskite films 
that did not contain bromide ions, the degradation was localized compared to the uniform 
degradation of the MA0.7FA0.3Pb(I0.9Br0.1)3 film.  The hypothesis that this originates at 
imperfections in the films is supported by SEM observations of pinholes in the films. 
 Using the XRD and FTIR-ATR, the degradation could be observed from a chemical 
structure standpoint.  The XRD scans gave an indication of the crystal structures present in the 
films and their accompanying intensities.  With this, it was clear that the MAPbI3 was the best 
formed perovskite as the peaks shown were confirmed through literature as perovskite peaks and 
that not lead iodide was initially present.  The XRD spectra for the other films indicated 
imperfections, with peaks for lead iodide in the initial sample and less intense perovskite peaks.  
However, the XRD scans did confirm the incorporation of the additional ions into the crystal 
structure through slight peak shifts.  Similarly, the FTIR-ATR data indicated this incorporation 
through the addition of bonding peaks associated with FAI when the MA0.7FA0.3PbI3 and 
MA0.7FA0.3Pb(I0.9Br0.1)3 films were examined.  In addition, the intensity of the N-H bonding 
peaks dropped by almost half when compared to the MAPbI3 film.  This is further indication in a 
shift of bonding as both MA and FA ions are utilized in the perovskite structure. 
 Overall, by combining all of these measurements, a complete picture of the degradation 
of each of these perovskite films was formed.  The addition of FA ions into the perovskite 
appeared to have adverse effects on the stability of the film from a humidity standpoint.  On the 
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contrary, the addition of bromine ions appeared to increase the stability of the films versus 
humidity.   
 
Future Testing 
 Future work will require refined procedures for the fabrication of MA0.7FA0.3PbI3 and 
MA0.7FA0.3Pb(I0.9Br0.1)3 films.  In order to create pristine films of complete perovskite crystals, 
controlled environments and pure chemicals are necessary.  However, this comes with an 
associated cost increase.  With pristine films, testing through the incorporation of the films into 
solar cell devices would provide an understanding of the films potential PCEs and further 
applicability.  In that regard, humidity testing on whole solar cell devices would provide 
researchers a glimpse into the stability of the devices in real world environments. 
Testing of alternative materials has started in the attempt to make perovskites more stable 
in humid atmospheres.  In a study completed by Smith et al. (2014), perovskites in the form 
(PEA)2(MA)2(Pb3I10) where PEA is C6H5(CH2)2NH3
+
 were fabricated and compared to MAPbI3 
perovskite films and cells.  Through XRD measurements, as seen in Figure 46, it was clear that 
this new material offered superior stability in a 52% RH atmosphere.  While the MAPbI3 film 
was degraded to PbI2, the PEA perovskite remained unaffected.  Although the PEA films 
produced solar cells with a PCE of 4.73%, their moisture stability remains as an improvement 
over traditional perovskite films.  The authors also remarked that hydrophobic fluorocarbons 
could increase moisture stability.  (Smith et al., 2014) 
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Figure 46: XRD scans showing the degradation of (PEA)2(MA)2(Pb3I10) (left) and 
MAPbI3 (right) perovskites under 52% RH (Smith, et al., 2014) 
 
In addition, it was noted that by simply covering the perovskite films would help deter 
degradation due to atmospheric moisture.  This simple concept was observed during the study 
and picture in Figure 47 illustrates the boundary of the covered and uncovered areas. 
 
 
Figure 47: The effects of partially covering a perovskite film during degradation 
 
Further testing utilizing different ions and combinations of ions into the perovskite 
structure could lead a more diverse understanding of the effects of moisture on perovskite films.    
As the eventual goal for perovskite solar cells is to replace or be used in tandem with silicon 
solar cells, testing and manufacturing films that can withstand environmental conditions will 
become more important than simply creating the most efficient solar cell possible.  A balance of 
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efficiency and stability must be reached in order to find the best possible perovskite solar cell for 
general application.  In a world committed to the environment, the additional testing of non-lead 
based films could help expand the potential application of this technology and make it more 
widely accepted.  In addition, finding new and innovative ways of applying the technology, such 
as in building applications as an energy generating “stained glass”, could expand the market and 
lead to the mass usage of ion tuned perovskite solar cells. 
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